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Aloss of function mutation in growth differentia-tion factor 9 (GDF9) in sheep causes increased
ovulation rate and infertility in a dosage-sensitive
manner. Spontaneous dizygotic (DZ) twinning in the
human is under genetic control and women with a
history of DZ twinning have an increased incidence
of multiple follicle growth and multiple ovulation. We
sequenced the GDF9 coding region in DNA samples
from 20 women with DZ twins and identified a four-
base pair deletion in GDF9 in two sisters with twins
from one family. We screened a further 429 families
and did not find the loss of function mutation in any
other families. We genotyped eight single
nucleotide polymorphisms across the GDF9 locus in
379 families with two sisters who have both given
birth to spontaneous DZ twins (1527 individuals) and
226 triad families with mothers of twins and their
parents (723 individuals). Using case control analysis
and the transmission disequilibrium test we found
no evidence for association between common vari-
ants in GDF9 and twinning in the families. We
conclude that rare mutations in GDF9 may influence
twinning, but twinning frequency is not associated
with common variation in GDF9.
Women with a history of dizygotic (DZ) twinning have
an increased incidence of multiple follicle growth and
multiple ovulation (Gilfillan et al., 1996; Martin et al.,
1991). Current models suggest multiple ovulation is
controlled by both endocrine and paracrine factors
(Baird, 1983; Baird & Campbell, 1998; Baker &
Spears, 1999; Campbell et al., 1995; Macklon &
Fauser, 2000). The concentrations of follicle-stimulat-
ing hormone (FSH) above some threshold at the critical
phase of the menstrual cycle contribute to selection of
the dominant follicle (Baird, 1983; Macklon & Fauser,
2000) and paracrine signaling within the ovary influ-
ences FSH action in the follicle to regulate granulosa
cell differentiation, follicle development and twinning
rate (Erickson & Shimasaki, 2001; Matzuk et al.,
2002). Concentrations of FSH are higher in mothers of
DZ twins (MODZT) in some (Lambalk et al., 1998;
Martin et al., 1984), but not all (Gilfillan et al., 1996)
studies. No obvious differences were seen in concentra-
tions of inhibin A or B in MODZT with or without
double ovulations (Gilfillan et al., 2003), suggesting
changes in endocrine signaling to the ovary may not be
the primary mechanism responsible for DZ twinning.
Two closely related members of the TGFβ family
of growth factors, growth differentiation factor 9
(GDF9) and bone morphogenetic protein 15
(BMP15), are expressed exclusively by the oocyte in
several species (Laitinen et al., 1998; McGrath et al.,
1995; Otsuka et al., 2000). Both GDF9 and BMP15
have six conserved cysteine residues characteristic of
the TGFβ superfamily, but lack the additional cysteine
residue that strengthens dimerisation in other
members of the bone morphogenetic proteins (Vitt et
al., 2001). GDF9 is autosomal (human chromosome
5q31.1) and BMP15 is located on the X chromosome.
Deletion of GDF9 leads to infertility in female mice
caused by a block in folliculogenesis during early fol-
licle development (McGrath et al., 1995). Loss of
function mutations in BMP15 in independent lines of
sheep cause increased ovulation rate and infertility in
a dosage-sensitive manner (Galloway et al., 2000;
Hanrahan et al., 2004). Recently a mutation in GDF9
was identified in the prolific Cambridge and Belclare
sheep breeds in Ireland (Hanrahan et al., 2004) that
increased ovulation rate and caused infertility in a
dosage-sensitive manner identical to BMP15 muta-
tions. An activating mutation in a third gene from the
BMP signaling pathway, the receptor BMPR1B, also
increases ovulation rate and twinning in sheep
(Mulsant et al., 2001; Souza et al., 2001; Wilson et
al., 2001). The results of these genetic studies in sheep
demonstrate that both GDF9 and BMP15 signaling
pathways are critical for follicle selection and control
of ovulation rate. The role of these pathways in
control of DZ twinning in the human is not known.
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DZ twinning in the human clusters in families and
appears to be under genetic control (Bulmer, 1970;
Lewis et al., 1996; Meulemans et al., 1996). The fre-
quency of DZ twinning varies at least fivefold
between populations with the highest incidence in
African populations and the lowest in Asian popula-
tions (Bortolus et al., 1999; Bulmer, 1970). Taken
together, the risk to first-degree female relatives is 
in excess of two (Bulmer, 1970; Lewis et al., 1996;
Meulemans et al., 1996), comparable with breast
cancer (Claus et al., 1991). Family studies suggest
that DZ twinning in the human is not X-linked
(Meulemans et al., 1996). We therefore analyzed
GDF9 in mothers of DZ twins and transmission of
single nucleotide polymorphisms (SNPs) across 
the GDF9 locus in families with DZ twins to deter-
mine whether variation in GDF9 is associated with
DZ twinning.
Experimental Subjects
Study subjects were 1527 individuals from 379 fami-
lies in which two sisters had both given birth to
spontaneous DZ twins and 723 individuals from 226
case families with 309 mothers of DZ twins. Some
mothers of index cases were themselves mothers of
DZ twins. Mothers of DZ twins (MODZT) and their
families were identified through records from our
genetic epidemiology studies using twins and their
families in Australia (Lewis et al., 1996), through
organizations for mothers of twins in Australia and
New Zealand, and through appeals in the media in
both countries. In the Netherlands, ascertainment was
population-based through community records as part
of a systematic recruitment to the Netherlands Twin
Register (Boomsma et al., 2002; Meulemans et al.,
1996). Mothers were explicitly asked about fertility
treatments and all such cases were excluded. For
control samples in case-control studies we also geno-
typed the markers in parents from 512 families (1024
individuals) recruited from the Australian population
as part of a genetic study on endometriosis (Treloar et
al., 2002). Study protocols were reviewed and
approved by the QIMR Human Research Ethics
Committee. Participation was voluntary and each
patient gave written informed consent.
Materials and Methods
Genomic DNA was extracted (Miller et al., 1988)
from peripheral venous blood samples. Zygosity of
the twins was determined by differences in sex, eye
colour or hair colour and, in equivocal cases, by
typing nine independent microsatellite markers
(AmpFLSTR® Profiler Plus™, Applied Biosystems,
Foster City, CA). The probability of dizygosity given
concordance of all markers in the panel was < 10–4.
The coding region of GDF9 was sequenced from
one mother of twins in 20 pedigrees with the highest
density of DZ twins. PCR primers were designed to
amplify the complete coding region in three fragments
including more than 20 bp of flanking sequence. PCR
reactions were performed in 20µl volumes containing
15 ng of DNA, 1 × PCR buffer, 15 µM each primer,
2 mM of MgCl2, 200 nM of dNTPs and 1 U Amplitaq
Gold (Applied Biosystems, Foster City, CA, USA). PCR
products were purified by Microcon-PCR Centrifugal
Filter devices (Millipore, Billerica, MA, USA). Dye
terminator reaction premix (Applied Biosystems,
Foster City, CA, USA) was used for cycle sequencing
and purified products sequenced on an ABI377 auto-
mated sequencer. Sequence traces were aligned using
Vector NT (InforMax Inc., Frederick, MD, USA) and
base changes were confirmed by sequencing of the
reverse strand. 
Denaturing High Performance Liquid Chromatography 
(DHPLC) Analysis
The PCR products for exon 1 were amplified from 15
ng of genomic DNA using AmpliTaq Gold (PE
Applied Biosystems) in a final volume of 20 µL.
Amplicons were then denatured at 95oC for five
minutes and cooled to 60oC over 30 minutes
(1oC/min) prior to DHPLC. PCR products were
injected onto a Varian Helix System (Varian, Walnut
Creek, CA). Samples were eluted within a linear ace-
tonitrile gradient consisting of buffer A (0.1 M
triethylammonium acetate, [TEAA], and 0.1 mM
EDTA) and buffer B (0.1 M TEAA, 0.1mMEDTA and
25% acetonitrile) with a flow rate of 0.45 mL/min.
The buffer B gradient was 45% to 50% (0–0.5
minutes), 50% to 68% (0.5–6 minutes), 68% (6–7
minutes) and 68% to 45% (7–8 minutes). DHPLC
was carried out at the nondenaturing temperature,
50°C. Analysis was performed using the Star
Workstation version 5 (Varian, Walnut Creek, CA). 
SNP Genotyping
Assays were designed to type eight SNPs (Table 1,
Figure 1) across the GDF9 locus using a Sequenom
MassARRAY genotyping system (Sequenom, San
Diego, CA). DNA oligonucleotides were purchased
Table 1
Single Nucleotide Polymorphisms at the GDF9 Locus Genotyped in
Families of Mothers of DZ Twins
SNP ID dbSNP # Location Change Frequency
(transcribed minor allele
strand)
1 rs30177 5’ region C>G 0.261
2 rs30179 5’ region T>C 0.423
3 rs30180 5’ region T>C 0.435
4 rs39830 5’ region T>C 0.422
5 rs254285 Intron–1 C>G 0.092
6 rs254286 Exon–2 T>C 0.425
7 rs10491279 Exon–2 G>A 0.171
8 rs809140 Genomic G>T 0.094
Note: Locations of SNPs in the GDF9 gene are shown in Figure 1.
550 Twin Research December 2004
Grant W. Montgomery et al.
from GeneWorks (Australia). PCR primers have a
10–base tag (5’–ACGTTGGATG–3’) added so that
they will not interfere in mass spectra. The final con-
centration of PCR primers varied from 50 nM to 200
nM for different SNPs. PCR reactions were performed
in 5µl volumes, which contained 15ng DNA, PCR
reaction buffer, 200 µM dNTPs, 2.5 mM MgCl2 and
0.1U of HotStar Taq Polymerase (Qiagen, Valencia,
CA). The PCR conditions were: 15 minutes at 95°C,
45 cycles of 20 sec at 95°C, 30 sec at 56°C and 1
minute at 72°C, followed by extension at 72°C for 3
minutes. To remove excess dNTPs from the PCR prod-
ucts, shrimp alkaline phosphatase (Sequenom, San
Diego, CA) was added and the reactions were incu-
bated at 37°C for 20 minutes (followed by 5 minutes
at 85°C for enzyme inactivation). Homogeneous Mass
Extension (h–ME) reactions were performed in 9 µl
volumes, which contained 300 nM extension primers,
termination mix and 0.576 U ThermoSequenase
(Sequenom, San Diego CA). The h–ME conditions
were: 94°C for 2 minutes, followed by 94°C for 5
seconds, 52°C for 5 seconds, and 72°C for 5 seconds
for 55 cycles. All reactions were carried out in
GeneAmp 9700 thermocycler (AppliedBiosystems). 
SpectroCLEAN resin (Sequenom, San Diego, CA)
was used to desalt h–ME products before reaction
products were dispensed onto 384-format
SpectroCHIPs (Sequenom, San Diego, CA) by
Robodesign (Carlsbad, CA, USA). A Biflex matrix-
assisted laser desorption/ionization time-of-flight
(MALDI–TOF) mass spectrometer (Bruker, Billerica,
MA) was used to determine h–ME reaction product
masses. Both spectra and genetic information were
automatically interpreted from the MassARRAY
genotype analyzer. 
Data Analysis
The program Sib-pair (http://orpheus.qimr.edu.au/
Programs/sib-pair.html) was used to calculate allele
and genotype frequencies. SNPs were genotyped
within panels of families collected for linkage analy-
sis. We have therefore tested for association taking
account of the family nature of the data using a ‘mea-
sured genotypes’ approach (Boerwinkle & Sing,
1987). We used case control comparisons to test
genotype association by contingency χ2 testing with p
values simulated allowing for the family nature of the
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Figure 1
Schematic representation for the genomic structure of GDF9 gene located on human chromosome 5q31.1, showing the position of a deletion
mutation identified in one family of mothers of twins and locations of eight SNPs genotyped in our twinning families.
Table 2
Genotypic Association between Dizygotic Twinning and Single
Nucleotide Polymorphisms at the GDF9 Locus Genotype
SNP N genotyped Genotypic c2 p-value*
rs30177 3092 6.3 .060
rs30179 3069 3.1 .260
rs30180 3114 1.6 .556
rs39830 3115 2.5 .318
rs254285 3125 0.7 .769
rs254286 3158 4.9 .142
rs10491279 3140 0.7 .741
rs809140 3079 0.8 .909
Note: *Empiric p-values simulated allowing for the family nature of the data. 
551Twin Research December 2004
GDF9 and DZ Twinning
data (gene dropping). Two-parent, one-locus trans-
mission/disequilibrium tests (TDT) to examine allele
transmission to MODZT were performed using Sib-
pair. Haplotypes were imputed using SNPHap
(Chiano & Clayton, 1998) and haplotype transmis-
sion was analyzed using Sib-pair. 
Results
Complete sequence data were obtained for 20
mothers of twins from families with a high twin
density. Forward and reverse sequencing for one indi-
vidual from a Dutch twinning pedigree suggested the
presence of an insertion/deletion variant in the first
exon. The two alleles for this individual were cloned
and several clones were sequenced. A four-base pair
deletion was confirmed on one allele. The deletion
begins 207 base pair (bp) from the start of exon 1
(third position in codon 69) and alters the reading
frame for the protein introducing a stop codon at
codon position 88 of exon 1 (Figure 1).
The four-base pair deletion could be readily
detected by DHPLC (Figure 2). The original case was
from an extended family including a sister, aunts and a
cousin with spontaneous DZ twins (Figure 3). Samples
were available from the parents, one aunt and a cousin
with twins. DHPLC analysis of these samples (Figure
2) confirmed the presence of the heterozygous deletion
in the proband and showed the deletion was also
carried by her sister and her father. The deletion was
passed by the father to both daughters. The mother
and other related family members with DZ twins did
not carry the deletion mutation. We screened DNA
samples available from all MODZT from 429 twin-
ning families using DHPLC. No other carriers of the
deletion mutation were observed. 
Complete DNA sequences for GDF9 were aligned
from the remaining mothers of twins. No variants
were identified that were common to all mothers of
twins from these twinning families. DNA sequencing
demonstrated that three SNPs from public databases
(rs254285, rs254286, rs10491279) were polymorphic
in our families. Two SNPs in exon 2 (rs254286,
rs10491279) do not change the amino acide compso-
sition of the protein. 
Further SNPs were identified from public data-
bases and eight SNPs across the GDF9 locus were
typed in our families (Figure 1) using the Sequenom
MassARRAY genomics platform. The assays were
designed in three multiplex sets. Minor allele frequen-
cies for the eight SNPs ranged from 0.092 to 0.435
(Table 1). Genotype data for all SNPs were in Hardy–
Weinberg equilibrium. There were no differences in
allele frequencies between samples from ANZ and
Netherlands families. Association between GDF9 and
twinning was tested by comparing genotype and allele
frequencies between mothers of twins and controls.
We tested genotypic association where the effects of
each genotype (penetrance ratios) are estimated (Table
2) and allelic association which estimates a multi-
plicative effect on the penetrance for different alleles.
There was no evidence for association between DZ
twinning and individual GDF9 SNPs. We also tested
association using a TDT analysis in the twinning fam-
ilies and found no association between DZ twinning
and GDF9 (data not shown).
There was strong linkage disequilibrium across the
GDF9 locus. One haplotype accounted for 57% of
GDF9 chromosomes in our families and four common
haplotypes accounted for more than 95% of chromo-
somes (Table 3). The haplotype allele frequencies for
mothers of twins were similar and not significantly
Table 3
Frequency of GDF9 Haplotypes (rs30177, rs30179, rs30180, rs39830,
rs254285, rs254286, rs10491279, rs809140) 
Haplotype Controls Mothers of Overall
twins* proportion
CTTTCTGC 0.568 0.578 0.571
CCCCCCAC 0.156 0.156 0.158
GCCCCCGC 0.147 0.139 0.146
GCCCGCGT 0.082 0.082 0.080
GTTTCTGC 0.012 0.010 0.010
CCCCCCGC 0.010 0.011 0.010
CTCTCTGC 0.011 0.002 0.007
GCCCCCAC 0.007 0.005 0.006
Other* 0.010 0.017 0.012
Note: *There were no significant differences between controls and mothers of twins.
Figure 2
Elution curves from DHPLC analysis of individual PCR products from
GDF9 spanning exon 1 and the region containing a four-base pair-
deletion mutation. 
Five samples show the normal allele with a single peak centered on
the dotted line marked reference time. Three samples are heterozy-
gous for the deletion and show a characteristic double peak flanking
the peak for the normal allele.
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different from the allele frequencies for controls (Table
3). The frequencies of transmitted and nontransmitted
haplotypes to MODZT in both ANZ and Netherlands
families where parents were informative were similar
and did not differ significantly (Table 4). 
Discussion
GDF9 is an oocyte-derived growth factor essential for
follicle growth. The GDF9 protein stimulates primor-
dial and primary follicle growth through roles in
granulosa and theca cell function at multiple stages of
follicle development (Vitt et al., 2000). We sequenced
GDF9 in women with DZ twins from 20 of the fami-
lies with the highest density of twins. We identified a
four-base pair deletion mutation on one copy of the
GDF9 gene in three individuals from a family with
five sets of DZ twins. The mutation was located in
the prepro region of GDF9. It alters the reading frame
and introduces a stop codon 18 amino acids down-
stream of the deletion before the sequence coding for
the mature protein. Two sisters with spontaneous DZ
twins and their father were heterozygous for the dele-
tion mutation, which arose on the most common
haplotype (Table 3). The mother did not carry the
mutation despite the presence of three other sets of
DZ twins in the family on the mother’s side. 
GDF9 and BMP15 are closely related and
expressed specifically in oocytes in several species
(Laitinen et al., 1998; McGrath et al., 1995; Otsuka
et al., 2000). Heterozygous loss of function mutations
in both BMP15 and GDF9 increase the frequency of
twins in sheep (Galloway et al., 2000; Hanrahan et
al., 2004). In the sheep, homozygous carriers of the
loss of function mutation in GDF9 are infertile
(Hanrahan et al., 2004). Species differences in the
roles of GDF9 and BMP15 have been reported. Sheep
carrying homozygous knockout mutations in BMP15
are infertile (Galloway et al., 2000), similar to GDF9
knockout mutations in the mouse (Dong et al., 1996).
However, BMP15 knockout mice are subfertile rather
than infertile (Yan et al., 2001). The data might
suggest BMP15 plays a more critical role in the sheep,
whereas GDF9 is more essential in the mouse.
However, it appears that heterozygous loss of func-
tion mutations in both BMP15 and GDF9 in the
sheep result in very similar increases in ovulation rate
Table 4
Common Haplotypes Transmitted to Affected Sisters with DZ Twins from Australia and New Zealand (ANZ) and the Netherlands
ANZ families Netherlands families
Haplotypes Proportion transmitted Trans p-value Trans p-value
CGTTTCTGC 0.493 (0.441–0.544) 127/267 .463 49/90 .461
CGCCCCCAC 0.534 (0.463–0.603) 85/150 .120 18/43 .360
GACCCCCGC 0.518 (0.442–0.593) 70/129 .379 15/35 .500
GACCCGCGT 0.531 (0.439–0.622) 35/73 .815 24/38 .143
-+
++
-
-
Figure 3
Family with deletion mutation in GDF9. 
Mothers of DZ twins are shown with black circles. Individuals with a + symbol are heterozygous for the deletion, while those with a – symbol do
not carry the deletion. DNA samples were not available for individuals without symbols. 
and twinning (Galloway et al., 2000; Hanrahan et al.,
2004). Based on evidence from the sheep, the muta-
tion identified in this family is likely to contribute to
the incidence of twins in the affected sisters. However,
it cannot be the cause of the other sets of twins in the
family and we did not find this deletion mutation in
mothers of DZ twins from any of our other families.
Genetic factors contributing to DZ twinning are
probably complex (Bulmer, 1970; Meulemans et al.,
1996). It is likely that contributions arise from varia-
tion of small to moderate effects in many genes and
variation contributing to twinning at more than one
gene could be segregating within a family. The presence
of a deletion mutation in GDF9 in sisters with twins
that is not present in mothers of twins from elsewhere
in the family is compatible with complex inheritance
models expected for traits such as twinning. An alter-
native explanation is the deletion mutation is not
associated with twinning in the sisters and a gene (or
genes) inherited from the mother predisposes to twins.
Variants inherited from the mother could act together
with the deletion in GDF9 (Hanrahan et al., 2004). 
We compared the sequence for the coding region of
GDF9 in mothers of twins to sequences from public
databases and control individuals. We detected three
previously reported SNPs, but did not detect any vari-
ants specific to mothers of twins. We did not sequence
the promoter region or the large intron in GDF9.
Analysis of eight SNPs across the GDF9 locus includ-
ing SNPs in the promoter and 3’UTR showed strong
linkage disequilibrium with four haplotypes accounting
for 95% of chromosomes. Tests of association between
SNPs in GDF9 and DZ twinning phenotype were not
significant. There was no evidence that common varia-
tion within the human GDF9 locus contributes to
variation in DZ twinning.
The loss of function mutation in GDF9 may
increase twinning while common variation does not
alter gene expression or protein function sufficiently
to influence the twinning phenotype. The dose of
intact BMP15 and GDF9 alleles influences the destiny
of the oocyte during folliculogenesis and in the peri
ovulatory period (Yan et al., 2001). In the sheep, vari-
ants in BMP15 and GDF9 known to increase
twinning are all loss-of-function mutations (Galloway
et al., 2000; Hanrahan et al., 2004), suggesting that
changes in concentration or complex interactions of
these growth factors are necessary to increase twin-
ning. In vitro studies suggest GDF9 and BMP15 form
homo- and heterodimers and that the point mutation
in BMP15 in Inverdale sheep interferes with process-
ing of heterodimers (Liao et al., 2003). We have
demonstrated that loss of function mutations in
GDF9 exist in the human. We did not find this dele-
tion in other families. However, we have not
conducted a systematic screen for mutations in GDF9
in all our families and a low frequency of other muta-
tions altering GDF9 expression or protein function
could exist in some twinning families.
In conclusion, we identified a heterozygous loss of
function mutation in GDF9 in two sisters with DZ
twins. The mutation may contribute to an increased
frequency of twins, but was not present in other fami-
lies with DZ twins. Rare mutations in GDF9 may
influence twinning, but there was no evidence that
common variation at the human GDF9 locus con-
tributes to the frequency of dizygotic twins. 
Acknowledgments
We thank Barbara Haddon and Alison MacKenzie for
coordination of recruitment and Olli Ritvos for pro-
viding sequencing primers for GDF9. We also thank
the Multiple Birth Associations of Australia (AMBA)
and New Zealand (NZAMBA) for assistance with
recruitment and the mothers of twins and their fami-
lies for participation in the research. This study was
supported by grants to GWM from the National
Institute of Child Health and Human Development
(HD042157) and National Health and Medical
Research Council of Australia (159100) and by the
Cooperative Research Centre for the Discovery of
Genes for Common Human Diseases established and
supported by the Australian Government’s
Cooperative Research Centre’s Program.
References
Baird, D. T. (1983). Factors regulating the growth of the
preovulatory follicle in the sheep and the human.
Journal of Reproduction and Fertility, 69, 343–352.
Baird, D. T., & Campbell, B. K. (1998). Follicle selection
in sheep with breed differences in ovulation rate.
Molecular and Cellular Endocrinology, 145, 89–95.
Baker, S. J., & Spears, N. (1999). The role of intra-ovarian
interactions in the regulation of follicle dominance.
Human Reproduction Update, 5, 153–165.
Boerwinkle, E., & Sing, C. F. (1987). The use of measured
genotype information in the analysis of quantitative
phenotypes in man. III. Simultaneous estimation of the
frequencies and effects of the apolipoprotein E poly-
morphism and residual polygenetic effects on
cholesterol, betalipoprotein and triglyceride levels.
Annals of Human Genetics, 51, 211–226.
Boomsma, D. I., Vink, J. M., van Beijsterveldt, T. C., de
Geus, E. J., Beem, A. L., Mulder, E. J., Derks, E. M.,
Riese, H., Willemsen, G. A., Bartels, M., van den Berg,
M., Kupper, N. H., Polderman, T. J., Posthuma, D.,
Rietveld, M. J., Stubbe, J. H., Knol, L. I., Stroet, T., &
van Baal, G. C. (2002). Netherlands Twin Register: A
focus on longitudinal research. Twin Research, 5,
401–406.
Bortolus, R., Parazzini, F., Chatenoud, L., Benzi, G.,
Bianchi, M. M., & Marini, A. (1999). The epidemiol-
ogy of multiple births. Human Reproduction Update,
5, 179–187.
Bulmer, M. G. (1970). The biology of twinning in man.
Oxford, UK: Oxford University Press.
553Twin Research December 2004
GDF9 and DZ Twinning
Campbell, B. K., Scaramuzzi, R. J., & Webb, R. (1995).
Control of antral follicle development and and selec-
tion in sheep and cattle. Journal of Reproduction and
Fertility Supplement, 49, 335–350.
Chiano, M. N., & Clayton, D. G. (1998). Fine genetic
mapping using haplotype analysis and the missing data
problem. Annals of Human Genetics, 62, 55–60.
Claus, E. B., Risch, N., & Thompson, W. D. (1991).
Genetic analysis of breast cancer in the cancer and
steroid hormone study. American Journal of Human
Genetics, 48, 232–242.
Dong, J., Albertini, D. F., Nishimori, K., Kumar, T. R., Lu,
N., & Matzuk, M. M. (1996). Growth differentiation
factor-9 is required during early ovarian folliculogene-
sis. Nature, 383, 531–535.
Erickson, G. F., & Shimasaki, S. (2001). The physiology of
folliculogenesis: The role of novel growth factors.
Fertility and Sterility, 76, 943–949.
Galloway, S. M., McNatty, K. P., Cambridge, L. M.,
Laitinen, M. P. E., Juengel, J. L., Jokiranta, S.,
McLaren, R. J., Luiro, K., Dodds, K. G., Montgomery,
G. W., Beattie, A. E., Davis, G. H., & Ritvos, O.
(2000). Mutations in an oocyte-derived growth factor
gene (BMP15) cause increased ovulation rate and
infertility in a dosage-sensitive manner. Nature
Genetics, 25, 279–283.
Gilfillan, C. P., Montgomery, G. W., Zhu, G., Martin, N.
G., Groome, N. P., & Robertson, D. M. (2003). Serum
inhibin A and B concentrations during the menstrual
cycle in mothers of spontaneous dizygotic twins. Twin
Research, 6, 27–33.
Gilfillan, C. P., Robertson, D. M., Burger, H. G., Leoni, M.
A., Hurley, V. A., & Martin, N. G. (1996). The control
of ovulation in mothers of dizygotic twins. Journal of
Clinical Endocrinology and Metabolism, 81,
1557–1562.
Hanrahan, J. P., Gregan, S. M., Mulsant, P., Mullen, M.,
Davis, G. H., Powell, R., & Galloway, S. M. (2004).
Mutations in the genes for oocyte-derived GDF9 and
BMP15 are associated with both increased ovulation
rate and sterility in Cambridge and Belclare sheep
(Ovis aries). Biology of Reproduction, 70, 900–909.
Laitinen, M., Vuojolainen, K., Jaatinen, R., Ketola, I.,
Aaltonen, J., Lehtonen, E., Heikinheimo, M., &
Ritvos, O. (1998). A novel growth differentiation
factor-9 (GDF-9) related factor is co-expressed with
GDF-9 in mouse oocytes during folliculogenesis.
Mechanisms of Development, 78, 135–140.
Lambalk, C. B., Boomsma, D. I., De Boer, L., De Koning,
C. H., Schoute, E., Popp-Snijders, C., & Schoemaker,
J. (1998). Increased levels and pulsatility of follicle-
stimulating hormone in mothers of hereditary dizygotic
twins. Journal of Clinical Endocrinology and
Metabolism, 83, 481–486.
Lewis, C. M., Healey, S. C., & Martin, N. G. (1996).
Genetic contribution to DZ twinning. American
Journal of Medical Genetics, 61, 237–246.
554 Twin Research December 2004
Grant W. Montgomery et al.
Liao, W. X., Moore, R. K., Otsuka, F., & Shimasaki, S.
(2003). Effect of intracellular interactions on the pro-
cessing and secretion of bone morphogenetic
protein-15 (BMP-15) and growth and differentiation
factor-9: Implication of the aberrant ovarian pheno-
type of the BMP15 mutant sheep. Journal of Biological
Chemistry, 278, 3713–3719.
Macklon, N. S., & Fauser, B. C. J. M. (2000). Regulation
of follicle development and novel approaches to
ovarian stimulation. Human Reproduction Update, 6,
307–312.
Martin, N. G., Olsen, M. E., Theile, H., El Beaini, J. L.,
Handelsman, D., & Bhattnagar, A. S. (1984).
Pituitary-ovarian function in mothers who have had
two sets of dizygotic twins. Fertility and Sterility, 41,
878–880.
Martin, N. G., Shanley, S., Butt, K., Osborne, J., &
O’Brien, G. (1991). Excessive follicular recruitment
and growth in mothers of spontaneous dizygotic
twins. Acta Genetica Medica Gemelloligica (Roma),
40, 291–301.
Matzuk, M. M., Burns, K. H., Viveiros, M. M., & Eppig,
J. J. (2002). Intercellular communication in the mam-
malian ovary: Oocytes carry the conversation.
Science, 296, 2178–2180.
McGrath, S. A., Esquela, A. F., & Lee, S. J. (1995).
Oocyte-specific expression of growth/differentiation
factor-9. Molecular Endocrinology, 9, 131–136.
Meulemans, W. J., Lewis, C. M., Boomsma, D. I., Derom,
C. A., Van den Berghe, H., Orlebeke, J. F., Vlietinck, R.
F., & Derom, R. M. (1996). Genetic modelling of dizy-
gotic twinning in pedigrees of spontaneous dizygotic
twins. American Journal of Medical Genetics, 61,
258–263.
Miller, S. A., Dykes, D. D., & Polesky, H. F. (1988). A
simple salting out procedure for extracting DNA from
human nucleated cells. Nucleic Acids Research, 16,
1215.
Mulsant, P., Lecerf, F., Fabre, S., Schibler, L., Monget, P.,
Lanneluc, I., Pisselet, C., Riquet, J., Monniaux, D.,
Callebaut, I., Cribiu, E., Thimonier, J., Teyssier, J.,
Bodin, L., Cognie, Y., Chitour, N., & Elsen, J. M.
(2001). Mutation in bone morphogenetic protein
receptor-IB is associated with increased ovulation rate
in Booroola Merino ewes. Proceedings of the
National Academy of Science USA, 98, 5104–5109.
Otsuka, F., Yao, Z., Lee, T., Yamamoto, S., Erickson, G.
F., & Shimasaki, S. (2000). Bone morphogenetic
protein-15: Identification of target cells and biological
functions. Journal of Biological Chemistry, 275,
39523–39528.
Souza, C. J., MacDougall, C., Campbell, B. K., McNeilly,
A. S., & Baird, D. T. (2001). The Booroola (FecB)
phenotype is associated with a mutation in the bone
morphogenetic receptor type 1 B (BMPR1B) gene.
Journal of Endocrinology, 169, R1-6.
555Twin Research December 2004
GDF9 and DZ Twinning
Treloar, S., Hadfield, R., Montgomery, G., Lambert, A.,
Wicks, J., Barlow, D. H., O’Connor, D. T., Kennedy,
S., & Group, I. E. S. (2002). The International
Endogene Study: A collection of families for genetic
research in endometriosis. Fertility and Sterility, 78,
679–685.
Vitt, U. A., Hsu, S. Y., & Hsueh, A. J. (2001). Evolution
and classification of cystine knot-containing hor-
mones and related extracellular signaling molecules.
Molecular Endocrinology, 15, 681–694.
Vitt, U. A., McGee, E. A., Hayashi, M., & Hsueh, A. J.
(2000). In vivo treatment with GDF-9 stimulates pri-
mordial and primary follicle progression and theca
cell marker CYP17 in ovaries of immature rats.
Endocrinology, 141, 3814–3820.
Wilson, T., Wu, X.-Y., Juengel, J. L., Ross, I. K., Lumsden,
J. M., Lord, E. A., Dodds, K. G., Walling, G.,
McEwan, J., O’Connell, A. R., McNatty, K. P., &
Montgomery, G. W. (2001). Highly prolific Booroola
sheep have a mutation in the intracellular kinase
domain of bone morphogenetic protein 1B receptor
which is expressed in both oocytes and granulosa cells.
Biology of Reproduction, 64, 1225–1235.
Yan, C., Wang, P., DeMayo, J., DeMayo, F. J., Elvin, J. A.,
Carino, C., Prasad, S. V., Skinner, S. S., Dunbar, B. S.,
Dube, J. L., Celeste, A. J., & Matzuk, M. M. (2001).
Synergistic roles of bone morphogenetic protein 15 and
growth differentiation factor 9 in ovarian function.
Molecular Endocrinology, 15, 854–866.
